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Abstract

Bacterial members of the coral holobiont play an important role in determining coral fitness. However, most knowledge of
the coral microbiome has come from reef-building scleractinian corals, with far less known about the nature and importance
of the microbiome of octocorals (subclass Octocorallia), which contribute significantly to reef biodiversity and functional
complexity. We examined the diversity and structure of the bacterial component of octocoral microbiomes over summer
and winter, with a focus on two temperate (Erythropodium hicksoni, Capnella gaboensis; Sydney Harbour) and two tropical
(Sinularia sp., Sarcophyton sp.; Heron Island) species common to reefs in eastern Australia. Bacterial communities associ-
ated with these octocorals were also compared to common temperate (Plesiastrea versipora) and tropical (Acropora aspera)
hard corals from the same reefs. Using 16S rRNA amplicon sequencing, bacterial diversity was found to be heterogeneous
among octocorals, but we observed changes in composition between summer and winter for some species (C. gaboensis
and Sinularia sp.), but not for others (E. hicksoni and Sarcophyton sp.). Bacterial community structure differed significantly
between all octocoral species within both the temperate and tropical environments. However, on a seasonal basis, those dif-
ferences were less pronounced. The microbiomes of C. gaboensis and Sinularia sp. were dominated by bacteria belonging
to the genus Endozoicomonas, which were a key conserved feature of their core microbiomes. In contrast to previous stud-
ies, our analysis revealed that Endozoicomonas phylotypes are shared across different octocoral species, inhabiting different
environments. Together, our data demonstrates that octocorals harbour a broad diversity of bacterial partners, some of which
comprise ‘core microbiomes’ that potentially impart important functional roles to their hosts.
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Introduction

Coral reefs are highly productive marine ecosystems that
harbour diverse communities of benthic macroorganisms
and microorganisms. Within both tropical and temper-
ate reefs, hard corals (order Scleractinia) and octocorals
(subclass Octocorallia) typically represent two of the most
important habitat-forming taxa. Octocorals are taxonomi-
cally diverse and widely distributed across marine envi-
ronments, from the shallow tropics to the deep sea [1].
However, unlike hard corals, octocorals form an eightfold
symmetry of their polyps and generally do not form calcium
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carbonate skeletons, but instead consist of fleshy tissue sup-
ported by small skeletal elements (sclerites) [2]. While the
foundation of tropical reef structures is generally formed
from hard coral skeletons, octocorals can contribute to the
formation of reefs through the production of sclerites [3],
and by also providing structural complexity and biodiversity
to reefs [4, 5]. Both hard corals and octocorals host a vari-
ety of microorganisms, including symbiotic dinoflagellates,
bacteria, viruses and archaea, which together with the coral
host comprise a holobiont [6].

The ecological relationships between a coral host and its
microbiome have been demonstrated to be central to reef
health [7], with bacteria and archaeal partners playing essen-
tial roles in biogeochemical cycling [8—10], nutrient acquisi-
tion [11], protection against pathogens and extending host
physiological capacity [12, 13]. Extensive examinations of
the microbiome of hard corals have described the substantial
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diversity of bacterial communities present [14] and the sen-
sitivity of microbial communities to environmental pertur-
bations [15-18]. Hard corals sustain microbial communi-
ties comprising both transient microbial partners and a ‘core
microbiome’, which forms a spatially and temporally stable
relationship with a host species [19, 20]. While not always
present in high abundance [21], members of the core micro-
biome can be conserved within a coral host even under acute
environmental changes [22-24]. The presence of these con-
sistent microbial partners points towards potentially impor-
tant roles in maintaining healthy holobiont function, which
may be particularly important during periods of stress [25].
However, while a substantial understanding of the nature
and dynamics of hard coral microbiomes has been uncovered
over the last two decades [13, 26-29], much less is known
about the microbiome of octocorals.

Recent examinations of octocoral microbiomes have
revealed the presence of specific bacterial communities
that are distinct from the surrounding environment [30-37],
but are generally lower in diversity than the bacterial com-
munities associated with hard corals [38]. The stability of
bacterial communities associated with octocorals appears
to be species-specific [38]. For example, some studies have
shown differences among the microbiomes of octocoral spe-
cies of the same genus [33], and within an octocoral species
inhabiting different locations [30, 39]. In contrast, species
among the Gorgoniidae family (subclass Octocorallia) from
the Mediterranean were shown to display little variation
in bacterial community composition across species, with
microbiome structure highly conserved over both space and
time [34, 40, 41]. Despite this lack of variation of bacte-
rial communities among some Mediterranean gorgonians,
other Mediterranean octocorals such as Corallium rubrum
appear to harbour highly distinct bacterial communities [41].
Other recent studies have even begun to explore patterns of
phylosymbiosis among octocorals located in the Mediter-
ranean [41] Great Barrier Reef [42] and the Algarve [43],
indicating long-term associations between coral hosts and
their microbiome.

Despite inconsistencies in the dynamics of octocoral
microbiomes, specific groups of bacteria within the class
Gammaproteobacteria have regularly been identified as
prevalent members of the octocoral microbiome [38]. In
particular, the Endozoicomonas genus (Order Oceano-
spirillales) has been shown to dominate the microbiomes
of temperate gorgonians and other octocorals [36, 40, 41,
44-46], and has been proposed to play a significant role
in octocoral health [47]. These bacteria also frequently
associate with many other coral species [24, 48-50]
and marine invertebrates [51-53]. Some other common
members of the octocoral microbiome include bacteria
belonging to Spirochaetes (Borrelia, Spirochaeta), Mol-
licutes (Mycoplasma, Hepatoplasma) and Flavobacteriia
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(Aguimarina) (see review by Van de Water et al. [38]),
but the temporal and spatial stability of these octocoral
associates is still unclear.

Revealing the structure and stability of the octoc-
oral microbiome is important to aid the identification of
potential symbiotic partnerships. In this study, we char-
acterised the bacterial assemblages associated with four
temperate and tropical octocoral species that commonly
occur in eastern Australian reefs, which were compared
to the bacterial communities associated with hard coral
species inhabiting the same environments. We addition-
ally examined temporal patterns in octocoral microbiomes
over seasonal extremes (summer and winter), revealing
that some octocorals (Sarcophyton sp. and Erythropodium
hicksoni) host relatively consistent bacterial communi-
ties despite pronounced environmental change, whereas
others (Sinularia sp. and Capnella gaboensis) appear to
undergo changes in the relative abundance of core mem-
bers seasonally.

Methods
Sample Collection

Specimens of the tropical octocoral species Sinularia sp.
and Sarcophyton sp. (family Alcyoniidae) were collected
from Heron Island (23°26'39.2"S, 151°54'47.8"E), which
is located on the southern Great Barrier Reef (Australia).
For comparative purposes, specimens of the hard coral spe-
cies Acropora aspera were also collected from the same
site. Replicate coral samples were collected from separate
colonies during low tide at a depth of 1-3 m on the reef
flat. The temperate octocoral species, E. hicksoni (family
Anthothelidae) and C. gaboensis (family Nephtheidae), and
the hard coral species, Plesiastrea versipora, were collected
in parallel from Bare Island, Botany Bay, New South Wales
(Australia) (33°59'29.5"S, 151°13'57.4"E), from a rocky
reef situated in 5-7-m deep water. For each branching coral
(Sinularia sp., Sarcophyton sp., C. gaboensis and A. aspera),
small fragments (<5 cm) were removed from the outer edge
tips of the colonies, while for encrusting corals (E. hicksoni
and P. versipora), <5-cm fragments were removed from
the colony edges. Triplicate samples were collected from
each species from both locations and during each season,
including the Austral summer (February 2017) and winter
(July—August 2017). Coral colonies were unable to be tagged
because of permit restrictions, so discrete colonies were
sampled between the two seasons. All samples were washed
after collection with sterile phosphate buffered saline (PBS)
to remove any mucus layers prior to being immediately snap
frozen in liquid nitrogen.
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Coral Microbiome Characterisation

DNA was extracted from coral tissue by homogenising
200 mg of frozen octocoral fragment (including sclerites)
within 1.5 mL of autoclaved PBS, at pH of 7.4, using a Tis-
sueRuptor® with sterile probes at full speed (33,000 rpm)
for 1 min [54]. For hard corals, frozen tissue from coral frag-
ments (~5 cm) was immediately extracted by air-blasting
in 5 mL of PBS buffer using an air gun into a small sterile
zip lock bag followed by homogenisation [55]. Genomic
DNA (gDNA) was extracted directly from coral homoge-
nates using the DNeasy Blood and Tissue Kit (Qiagen,
USA), according to the manufacturer’s instructions. Nega-
tive extraction controls were also processed in parallel to test
for the presence of any kit contaminants [56].

The bacterial component of all coral microbiomes was
characterised using 16S rRNA gene amplicon sequencing
using the V1-V3 region. For individual PCR reactions,
DNA was aliquoted to 1040 ng™", with 12.5 uL HotStar-
Taq Plus Master Mix (Qiagen, USA), 1.5 uL of each 10 M
primer: 27F 5'-TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGAGAGTTTGATCMT-3' and 519R 5'-GTCTCG
TGGGCTCGGAGATGTGTATAAGAGACAGWATTA
CCGCGGCKGCTG-3' (Illumina adapters underlined).
PCR reactions were then performed in triplicate 25-uL
reactions under the following thermocycling conditions:
94 °C for 3 min, then 25 cycles each of 94 °C for 30 s, 50 °C
for 40 s, 72 °C for 1 min and finally 72 °C for 5 min. Fol-
lowing amplification, PCR products were checked in a 2%
agarose gel to determine successful amplifications. Sample
triplicates were then pooled and purified using calibrated
AMPure XP beads (Beckman Coulter, USA). Barcodes were
added to the PCR products using the Nextera XT kit (Illu-
mina, USA) according to the manufacturer’s protocol. 16S
rRNA amplicons were sequenced using an Illumina MiSeq
following the manufacturer’s guidelines (2 x 300 bp) at the
Molecular Research Laboratory (Shallowater, TX, USA).

Sequencing data was analysed using a customised bioin-
formatics pipeline https://github.com/timkahlke/ampli-tool.
Firstly, FLASH (v1.2.11) was used to combine the de-mul-
tiplexed paired end reads followed by MOTHUR software
(v.2.3.1) to remove any sequences that were shorter or longer
than 462-549 bp, and subsequently for quality checks to
remove all sequences below an average quality score of 25.
The detection and removal of chimeric sequences were per-
formed in vsearch (v2.3.2) [57]. Operational taxonomic units
(OTUs) were defined as having 97% similarity using the
OTU picking method in vsearch. Taxonomic classifications
of OTUs were then assigned using QIIME v1.9 [58] and the
RDP classifier [59] against the Silva v138 database [60]. Any
sequences found within the sequenced kit negatives (total 112
OTUs), or which corresponded to mitochondria or chloro-
plast, were discarded from the analysis. To remove the effect

of uneven library sizes, sequences were subsampled to 1835
sequences per sample, which equated to the fewest in a single
sample after the removal of one exceptionally low read sample
(Sa3winter; 1146 reads). Raw data files in FASTQ format were
deposited into the NCBI Sequence Read Archive (SRA) and
can be accessed under the bioproject number PRINA656354.

The core microbiome of each coral species was determined
using the panbiom python script [61] with the following crite-
ria: An OTU was considered a core microbiome member if it
occurred at a minimum abundance 0.001% and was present in
at least five out of the six biological replicate samples across
the two seasons. A core microbiome was consistently found
when an abundance cut off of at least 0.1% was used; however,
as outlined by Ainsworth et al. [21], at a threshold of >0.001%,
the core microbiome was considered to better represent the
individual variability within replicates of coral samples and
to include potentially important rare OTUs.

Statistical Analysis

Alpha diversity of bacterial communities associated with cor-
als was assessed in MOTHUR by calculating observed OTUs
and Shannon’s diversity indices. Statistical differences in alpha
diversity indices and bacterial composition between coral hosts
and seasons were analysed using a permutational multivari-
ate analysis of variance (PERMANOVA) with Bray—Curtis
Dissimilarity matrix in the PRIMER-E + PERMANOVA
package v1.0.6. Pairwise comparisons with FDR adjustments
were performed under type III partial sums of squares with
999 permutations and Monte Carlo simulations, using fixed
factors ‘species’ (coral samples) and ‘season’ (summer and
winter). Visualisations of beta diversity measurements were
conducted using non-metric multidimensional scaling analysis
(nMDS) of the bacterial composition between coral hosts and
seasons using phyloseq R package [62]. Additionally, to assess
differences in OTU dispersion between and among species
seasonally, we used a beta-binominal regression model and
Wald tests to detect differential abundance and overdispersion
simultaneously using the corncob R package [63]. FDR adjust-
ment was applied for multiple comparisons. Finally, seasonal
differences among unique Endozoicomonas OTUs for each
coral species were assessed using a Mann—Whitney U test in
SPSS. Differences were considered significant when p <0.05.

Results

Sequencing Overview

A total of 1,400,719 joint reads were produced from 38 sam-
ples, which included 36 coral fragments from two separate

sites and two negative controls. After the removal of low-
quality, chimeric and short reads, a total number of 439,343
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high-quality sequences were obtained for all coral samples
with an average of 13,820 sequences ranging from 1840 to
51,885 per sample analysed. A total of 338,279 and 101,064
sequences were analysed for octocoral and hard coral frag-
ments respectively, and averaged 28,189 for octocorals and
16,844 for hard corals. The sequences were pooled to form
a total of 903 OTUs clustered at 97% similarity.

Alpha Diversity of Octocoral-Associated Bacterial
Assemblages

The average number of observed OTUs and the diversity of
bacterial communities associated with octocorals varied sig-
nificantly between coral species (Fig. 1; Tables S1 and S2;

Shannon’s p <0.005; observed OTUs p <0.005). Among the
temperate octocoral species, E. hicksoni displayed the high-
est mean diversity, and harboured more than twice as many
OTUs (Shannon’s, 5.1 +0.45; observed OTUs, 134 +26.1;
mean + SE) than C. gaboensis (Shannon’s, 2.5 +0.62;
observed OTUs, 47 +9.5). For the tropical octocoral spe-
cies, the microbiome of Sarcophyton sp. was more diverse
(Shannon’s, 4.4 +0.82; observed OTUs, 63 + 16) than Sinu-
laria sp. (Shannon’s, 2.8 +0.18; observed OTUs, 30+3.9;
Tables S1 and S2).

Differences in bacterial diversity among octocoral and
hard coral hosts were also observed. Specifically, the bacte-
rial community associated with the temperate hard coral P.
versipora (Fig. 1; Shannon’s, 5.7 +0.30; observed OTUs,
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operational taxonomic units 6
(OTUs) from temperate corals - -
(Capnella gaboensis, Erythro- i
podium hicksoni and Plesiastrea . 5 | —
versipora) and tropical corals 0}
(Sinularia sp. Sarcophyton sp. ; .
and Acropora aspera). Seasonal % 47 +
samples (summer and winter) % -
were pooled to form n=6 for s 34
all corals except Sarcophyton §
sp. samples (n=5). Box plots & —_ =
represent 25th and 75th per- 24 |
centile, lines show medians and ——
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of the dataset. Asterix above
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%
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200+
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143 +22) was more diverse than that associated with the
temperate octocoral C. gaboensis (Table S1; p <0.005), but
its diversity levels did not differ to E. hicksoni (p>0.05).
Among tropical corals, there was no difference in bacterial
diversity between hard coral and octocoral species (p >0.05).
Additional alpha diversity statistics (Table S3), including
seasonal differences between octocorals (Tables S4 and S5)
and seasonal differences among each coral host (Tables S1
and S2), are available in the supplementary material.

Octocorals Harbour Distinct Bacterial Communities

Comparisons of beta diversity across octocoral microbi-
omes revealed a seasonal dominance of Endozoicomonas
in the temperate octocoral C. gaboensis and the tropical
octocoral Sinularia sp. (Fig. 2). In contrast, the micro-
biomes of the temperate octocoral E. hicksoni and the
tropical octocoral Sarcophyton sp. were composed of a
more diverse community belonging to a range of different
bacterial families including Flavobacteriaceae (E. hick-
soni 5.9% + 3.4, Sarcophyton sp. 3.9% +2.4; mean + SE),
Granulosicoccaceae (E. hicksoni 2.5% + 1) and Spiro-
chaetaceae (Sarcophyton sp. 31.8% + 16; Fig. 2). Spe-
cifically, the two main genera within the Spirochaetaceae
family were Spirochaeta (Sarcophyton sp. 20%) and Bor-
relia (Sarcophyton sp. 11%, E. hicksoni < 1%). Bacterial

100+

©
=3
1

Relative abundance (%)

20

Endozoicomonas

UC Cyanobacteria

Microbacteriaceae

community structure differed between octocoral species
(Fig. 3 and Table S6; p <0.001). Additionally, there was
also a significant interactive effect between species and
season (Table S6; p <0.001). Among the temperate octo-
corals, differences were observed between bacterial com-
munities of C. gaboensis and E. hicksoni during winter
(p <0.05), but not during summer. In contrast, the bacte-
rial communities of the tropical octocorals Sinularia sp.
and Sarcophyton sp. were different in summer (p <0.05)
but not in winter (Fig. 2 and Table S6). Composition of
bacterial communities further differed between hard cor-
als and octocorals. Among the tropical species examined,
the microbiome of the octocoral Sinularia sp. differed in
composition compared to the hard coral A. aspera in both
seasons (summer p < 0.05; winter p <0.05). Additionally,
for the temperate site, differences in octocoral versus hard
coral microbiome structure were observed between the
octocoral C. gaboensis and the hard coral P. versipora in
both seasons (summer p < 0.05; winter p <0.05; Fig. 2 and
Table S6).

Differential Abundance of OTUs Between Coral
Species

Between the temperate octocorals, there were seven differen-
tially abundant OTUs, which included one Rhodospirillales

Rhodobacteraceae Pseudomonadaceae

— —

== JC Rhodospirillales wmm  Flammeovirgaceae == Xanthomonadaceae == Enterobacteriaceae == UC Clostridiales

== Hepatoplasma mmm  Cryomorphaceae === Bacillaceae —= Granulosicoccaceae == Desulfobulbaceae

=== Spirochaetaceae mmm | actobacillaceae === Sphingobacteriaceae —= Fusobacteriaceae == UC Gammaproteobacteria
——= UC Planctomycetaceae === Corynebacteriaceae —— Neisseriaceae ——= Rhodobiaceae === UC Gaiellales

=== C Sphingobacteriales mmm  JC Rhizobiales == UC Holophagae == Anaplasmataceae == C

== Flavobacteriaceae === Mycoplasmataceae == Anaerolineaceae —— Rubritaleaceae —= Low abundant

=== |C Acidimicrobiales === \/errucomicrobiaceae === UC Ardenticatenia —= Nitrosomonadaceae

=== Rhodospirillaceae mmm  Saprospiraceae === C Parcubacteria —= Acetobacteraceae

= =

Moraxellaceae Blastocatellaceae

Fig.2 Bacterial community composition seasonally of temperate (C,
Capnella gaboensis; E, Erythropodium hicksoni; P, Plesiastrea ver-
sipora) and tropical (Si, Sinularia sp.; Sa, Sarcophyton sp.; A, Acro-
pora aspera) coral replicates expressed at the genus level for (Endo-
zoicomonas and Hepatoplasma) otherwise at the family level (where

Halieaceae

Desulfovibrionaceae

possible), and displaying taxa that were present in> 1% relative abun-
dance. Each proportion represents taxonomy that matched to one phy-
logenetic group from the Silva v138 database. Top grey bars repre-
sent proportions of low abundance families that represented < 1% of
the community. UC, unclassified taxonomic level
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OTU with the highest mean relative abundance within the
microbiome of C. gabanoesis (OTU951, 79%) in winter
(Fig. 2 and Fig. 4a). Among tropical octocorals during sum-
mer, there were 17 differentially abundant OTUs (Fig. 4b).
Those OTUs representing the highest relative abundance
included three from the genera Hepatoplasma (OTU406,
33%; OTU407, 26%; OTUS531, 0.29%) and three from
Endozoicomonas (OTU137, 2.7%; OTU186, 1%; OTUS59,
3.4%), which collectively represented 60% and 7% of the
relative abundance within the microbiome of Sinularia sp.
respectively.

Comparing differentially abundant OTUs between octo-
corals and hard corals, we found 15 differentially abundant
OTUs in summer compared to 11 in winter between the
tropical octocoral Sinularia sp. and the tropical hard coral
A. aspera (Fig. 4c, d). Among the OTUs significantly higher
within Sinularia sp., there were two highly abundant OTUs
in winter: (Fig. 4c) Endozoicomonas (OTU129, 44%) and
Hepatoplasma (OTU406, 26%), compared to four Endo-
zoicomonas (OTU135, 11%; OTU2, 6%; OTU103, 2.6%;
OTUI128, 2.6%) and two Hepatoplasma (OTU406, 24%;
0OTU407, 18%) OTUs in summer (Fig. 4d). Between the
temperate octocoral C. gaboensis and the temperate hard
coral P. versipora, there were only two differentially abun-
dant OTUs in winter (Fig. 4e) compared to ten in summer
(Fig. 4f). During winter, one highly abundant OTU from
the order Rhodospirillales (OTU951, 79%) was significantly
higher in the octocoral C. gaboensis (Fig. 2), while in sum-
mer, the difference between the octocoral and hard coral was
largely a result of significantly higher relative abundance
of four Endozoicomonas OTUs (OTU100, 20%; OTU124,
4.7%; OTU143, 2.9%; OTU99, 16%) associated with C.
gaboensis.
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Octocoral Core Microbiomes

Temporal Shifts in Microbiome Structure Within
Coral Hosts

We next assessed differences in microbiome structure for
temporal changes within coral hosts. Within both the tropical
octocoral Sinularia sp. (p <0.05) and the temperate octocoral
C. gaboensis (p <0.05), PERMANOVA analysis revealed sig-
nificant shifts in the bacterial community between summer
and winter (Table S6), but no significant seasonal shifts in the
bacterial communities occurred in any of the other octocoral
species. Within the Sinularia-associated bacterial assemblage,
there was a higher relative abundance of Hepatoplasma OTUs
in summer (45%) compared to winter (11%). This shift was also
coupled with a higher relative abundance of Endozoicomonas
OTUs in winter (71%) compared to summer (28%) (Fig. 2). In
contrast, Endozoicomonas OTUs associated with the temper-
ate coral C. gaboensis exhibited higher relative abundance in
summer (58%) compared to winter (4%) (Fig. 2). Additionally,
we tested for significant differential abundant OTUs. Notably,
there were five differentially abundant Endozoicomonas OTUs
(OTU10, 6.5%; OTU107, 2%; OTU129, 44%; OTU148, 3%;
OTU171, 2.9%) which had a higher mean relative abundance
in samples of Sinularia sp. collected in winter (Fig. 4g). While
among the samples of C. gaboensis collected in summer, there
were three highly abundant OTUs, including two Endozoico-
monas (OTU122, 9%; OTU100, 20%) and one Rhodospirillales
(OTU951, 11%) (Fig. 4h).

To identify whether octocoral species host a ‘core microbi-
ome’, we next examined conservation of OTUs within each
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coral species across summer and winter samples. No uni-
versal octocoral core microbiome was observed across all
species; however, a core microbiome was revealed in each
individual octocoral species (Fig. 5). Notably, at the genus
level, Endozoicomonas was found to be present in 100% of
coral samples in this study; however, at an OTU level, Endo-
zoicomonas OTUs were not consistently shared between
coral species. The core microbiome of the temperate octo-
coral C. gaboensis was made up of six OTUs, which com-
prised of three Endozoicomonas OTUs (OTU100, OTU122
and OTU134), two OTUs from the genus Mycoplasma and
one OTU that could only be classified to the level of the
Rhodospirillales order (Fig. 5). The temperate octocoral E.
hicksoni had a core community of five OTUs, comprising
one OTU from the genus Lutimonas, two unclassified Aci-
dimicrobiales OTUs, one Rhizobiales OTU and one SAR11
OTU. Among the tropical octocoral species, Sinularia sp.
and Sarcophyton sp., one OTU (Hepatoplasma) occurred in
the core microbiome of both species, and was in fact the only
conserved core microbiome member within Sarcophyton sp.
(Fig. 5). In Sinularia sp., the other 6 (of 7) core microbiome
members were all Endozoicomonas OTUs (OTU10, OTU56,
OTU107, OTU129, OTU171 and OTU193).

Patterns in Endozoicomonas Diversity

Due to the prominence of Endozoicomonas OTUs in the
core microbiome of all tested octocorals, we performed a
deeper analysis of patterns in Endozoicomonas diversity.
Across octocoral and hard coral samples tested here, a total
of 53 unique Endozoicomonas OTUs were observed (Fig. 6),
ten of which were associated with the core microbiome of
octocoral species (Fig. 5). Of the 53 individual Endozoi-
comonas OTUs, 28 occurred within the microbiome of all
octocoral and hard coral species (in at least one replicate),
but their presence often varied with season (Fig. 7). In fact,
the diversity of unique Endozoicomonas OTUs significantly
decreased from summer (34 +3.17-21 +2.09; mean + SE) to
winter (174 1.73-5 £+ 2.5) across all octocoral and hard coral
species (Fig. 7; Mann—Whitney U test, p <0.001 for all coral
species). Endozoicomonas OTU100 dominated the diversity
of the temperate octocoral C. gaboensis, while Endozoico-
monas OTU129 was consistently associated with both tem-
perate and tropical octocoral species over winter (Fig. 6).

Discussion

The principal goal of this study was to characterise the
bacterial communities associated with octocoral species
that are common to shallow waters of tropical and tem-
perate reefs in eastern Australia, and to determine to what

extent these communities were conserved across species,
locations and seasonal extremes. Throughout tropical and
temperate reefs, octocorals represent the second most
abundant benthic group [2]. Yet, despite substantial evi-
dence that the function of hard corals is strongly governed
by their microbiomes [64], comparatively little is known
about the microbial associates of octocorals. In this study,
we show that octocoral species inhabiting temperate and
tropical reefs exhibited diverse and distinct microbiomes
that differ from the microbiomes associated with the ref-
erence hard coral from the same habitats. We observed
significant seasonal differences in over-all microbiome
composition in two out of the four octocorals analysed,
but several microbiome members were still conserved over
time. Notably, despite over-all differences in the microbi-
ome composition of hard corals and octocorals, two out
of the four octocoral microbiomes were dominated by the
coral symbiont Endozoicomonas [47].

Differences in Coral Microbiome Composition
and Seasonal Shifts

Among the octocoral species examined here, the alpha diver-
sity of the bacterial community was comparable to that of
hard coral studies [65—67], but often higher than previously
reported values in other octocorals, such as gorgonians
(Shannon’s index 1-3) and deep-sea octocorals (Shannon’s
index 1-3) [34, 36, 44, 68-71]. However, some studies of
octocoral microbiome diversity have also reported similar
values to our study [69, 72]. In addition, we found that octo-
coral microbiomes were significantly different from each
other, which is consistent with findings among hard coral
microbiomes [35, 73, 74] and octocorals [38]. However, pre-
vious studies have shown that some octocorals show little
differences in microbial community structure between spe-
cies [41, 75], which has been proposed to be partly due to
the incomplete evolutionary divergence between octocoral
species of the same genus [41, 76]. Differences in bacterial
community composition between octocoral hosts may be a
reflection of different host features, such as morphology (e.g.
branching vs encrusting), or alternatively may reflect differ-
ent metabolic requirements among coral hosts, thereby influ-
encing the selection of different microbial communities [77].

One morphological feature of the genus Erythropo-
dium, which may explain the higher bacterial diversity
harboured, compared to ‘branching’ octocorals, is the
encrusting characteristics that cover rocky reef substrates.
Mccaulkley et al. (2016) [46] outline that this feature
may potentially allow greater infiltration of bacteria as
the coral is both largely exposed to the substrate and the
water column. Interestingly, the temperate hard coral P.
versipora, which also exhibits encrusting features, was as
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«Fig. 4 Significantly differentially abundant OTUs (p<0.05 follow-
ing FDR corrections) between coral species seasonally: Erythropo-
dium hicksoni and Capnella gaboensis in winter (a), Sinularia sp. and
Sarcophyton sp. in summer (b), Sinularia sp. and Acropora aspera in
winter (c) and summer (d), C. gaboensis and Plesiastrea versipora in
winter (e) and summer (f), and seasonally within species: C. gaboen-
sis (g) and Sinularia sp. (h). Genus name is provided next to OTU
number where possible. Summer samples (s), winter samples (w)

diverse as E. hicksoni, demonstrating that bacterial diver-
sity may indeed reflect coral morphology (e.g. encrusting
vs branching) rather than other characteristics such as soft
versus hard structure. Consequently, future studies should
include a greater number of coral species with differing
morphology to clarify the relationship between octocoral
morphology and bacterial diversity, while also incorporat-
ing a greater number of replicates to account for the vari-
ability observed among samples. We also cannot rule out
the possible resemblance of some of the octocoral bacte-
rial communities to those of the surrounding environments
as we did not sample for seawater or sediment during this
study.

Consistent with previous studies of octocorals, the micro-
biomes of the tropical octocoral Sarcophyton sp. and the
temperate octocoral E. hicksoni were generally stable over
time [41, 46], although we did observe seasonal differences
among the microbiomes of the tropical octocoral Sinularia
sp. and the temperate octocoral C. gaboensis. The seasonal
changes observed in the microbiome of both Sinularia sp.
and C. gaboensis were predominately driven by changes
in the relative abundance of core microbiome members,
rather than changes in the presence and absence of bacterial
members. Similar observations have also been previously
observed among Mediterranean octocorals, where differ-
ences were driven by changes in the abundance of core
microbiome members [41].

The most notable shift in the microbiome of Sinularia
sp. involved changes in the relative abundance of Endozoi-
comonas OTUs, which were higher in winter than summer.
This observation coincides with seasonal shifts previously
observed within the temperate gorgonian Paramuricea
clavata, where Endozoicomonas dominated the microbi-
ome in summer but completely disappeared in winter [40].
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Fig. 5 Heat map of the coral core microbiome of bacterial operational
taxonomic units (OTUs) uniquely present in each coral species clas-
sified to the highest taxonomic resolution possible and showing any
overlaps between core members in temperate corals: C, Capnella
gaboensis (purple); E, Erythropodium hicksoni (red); P, Plesiastrea
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versipora (orange), and tropical corals: Si, Sinularia sp. (green); Sa,
Sarcophyton sp. (yellow) and A, Acropora aspera (blue). Scale on the
right represents the relative abundance (%) of each taxa within the
microbiome. UC, unclassified taxonomic level
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In contrast, Endozoicomonas OTUs associated with the
temperate octocoral C. gaboensis were higher in summer
compared to winter. Such a pattern may indicate alternate
temperature ranges where specific phylotypes of Endozoico-
monas thrive. However, to confirm this notion, future studies
characterising octocoral microbiomes will need to increase
the range of geographical sampling locations and also the
range of octocoral taxa characterised. Temporal variability
clearly has an impact on some octocoral microbiomes. How-
ever, the significant differences observed between all octo-
coral microbiomes suggest that octocoral host species was
the strongest influence on bacterial community composition
and plays a more important role in shaping the microbiome
than site and changing environmental conditions.

Octocoral Core Microbiomes

The microbiomes of the tropical octocorals Sinularia sp.
and Sarcophyton sp. have been previously profiled from

similar sites across the Great Barrier Reef [75]. Most nota-
bly, Bourne et al. [75] reported high relative abundance
(>50%) of sequences corresponding to Oceanospirillales
in the microbiome of Sarcophyton sp., but a much lower
proportion of this group (<2%) in Sinularia sp. Contrary
to these findings, we found that members of Oceanospiril-
lales (namely Endozoicomonas) were highly abundant in
the microbiome of Sinularia sp., but not in Sarcophyton sp.
Such large discrepancies in the abundance of Oceanospirilla-
les between studies could be a result of the different primers
used and their affinities to this bacterial taxon. In addition,
for the first time, we also profile the microbiomes of the
ecologically important temperate octocorals C. gaboensis
and E. hicksoni to reveal the presence of their core bacterial
partners, which are likely significant for colony health.
The core microbiome of the temperate octocoral C.
gaboensis and the tropical octocoral Sinularia sp. was
comprised of members of the Rhodospirillales order. Rho-
dospirillales have previously been associated with healthy
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Fig.6 Heat map of operational taxonomic units (OTUs) showing
the overall diversity of Endozoicomonas seasonally between temper-
ate (C, Capnella gaboensis; E, Erythropodium hicksoni; P, Plesias-
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hard corals [11]. Members of the Mollicutes genera; Hepato-
plasma and Mycoplasma, were also ubiquitous in octocorals,
except for the temperate octocoral E. hicksoni where they
were not present. While the functional roles of these bacte-
ria are relatively unknown, their consistent association with
healthy gorgonians [31, 33, 41] and cold water scleractinians
[78] suggests they may contribute to coral function. Notably,
the same OTU of Hepatoplasma was shared in the core of
both the tropical octocorals Sinularia sp. and Sarcophyton
sp., implying this bacterium may fill a similar functional
role in both corals.

Endozoicomonas Diversity Among Octocorals

Endozoicomonas OTUs represented a prominent com-
ponent of the core microbiome of two of the octocorals
in this study where they were also among the most rela-
tively abundant bacteria, further supporting the potentially
important role of this genus in corals [79]. Additionally,
each coral core microbiome contained multiple Endozoi-
comonas OTUs, suggesting each phylotype may occupy
discrete niches [80]. However, whether the functioning of
the microbiome has changed or there is functional redun-
dancy remains unclear. The core Endozoicomonas OTUs
were not unique to octocorals, as we also observed their
presence to be widely spread across both hard and octo-
corals, and even across geographical locations. In fact,
more than half of the individual Endozoicomonas OTUs
sequenced in this study appeared in at least one replicate
of every coral species examined. The diverse spatial occur-
rence of these specific phylotypes is in contrast to previous

Fig.7 Number of unique 40 -
Endozoicomonas operational
taxonomic units (OTUs) from
temperate corals (Capnella
gaboensis, Erythropodium hick-
soni and Plesiastrea versipora)
and tropical corals (Sinularia
sp. Sarcophyton sp. and Acro-
pora aspera), n=73 for all corals
except samples of Sarcophyton
sp. collected in winter (n=2);
error bars represent standard
error of the mean. Coloured
bars denote summer samples
and grey bars denote winter
samples. Asterix above bars
represent significant differences
seasonally

30

20

Unique Endozoicomonas OTUs

10

]

studies of hard corals, where each coral species appears to
form its own unique association with specific Endozoico-
monas OTUs [49, 81]. Furthermore, a recent meta-analysis
revealed strong partitioning of Endozoicomonas phylo-
types between hard corals and octocorals [68] inferring
different Endozoicomonas OTUs form species-specific
relationships within hosts [71, 82]. In our study, however,
the data indicate that host specificity of Endozoicomonas,
at least at the OTU level, is still somewhat unresolved.

Host Identity May Influence Microbial Community
Structure

In addition to the high representation of Endozoicomonas
among the microbiomes of Sinularia sp. and C. gaboensis,
the tropical octocoral Sarcophyton sp. and the temperate
octocoral E. hicksoni exhibited highly diverse microbiomes
made up of many more lower abundant bacterial genera
(<5%). Some of the other less dominant bacterial genera
found included OTUs from the genus Aquimarina (family
Flavobacteriaceae), which were associated with E. hick-
soni microbiomes. Aquimarina are commonly associated
with both tropical and temperate gorgonians and possess a
number of genes involved in nutrient cycling (e.g. carbon,
nitrogen and sulphur) [83]; however, their role within the
coral holobiont is still unclear. Another interesting feature
associated with the E. hicksoni microbiome was the pres-
ence of OTUs from the genus Granulosicoccus (family
Granulosicoccaceae). Species within this genus have been
found in temperate octocorals [41] and are described as obli-
gate chemoheterotrophs [84] with the capacity of sulphur
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metabolism (e.g. DMSP). Members of the Spirochaetaceae
family (Spirochaeta and Borrelia) were also present in the
microbiomes of both Sarcophyton sp. and E. hicksoni. Their
ubiquity among healthy octocorals [33, 45, 85] suggests a
beneficial role in the holobiont; however, this has currently
not been determined.

Evidence has been growing that microbial associations
are strongly driven by host phylogeny [42, 71, 86]. Addition-
ally, varying strategies of microbial restructuring may exist
between coral hosts in response to environmental change.
The diverse and somewhat heterogenous microbiomes of the
octocorals E. hicksoni and Sarcophyton sp. indicate a level
of microbiome flexibility. This concept has been largely
explored in hard corals and black corals [72, 81, 87, 88], and
suggests corals may adjust their microbial members depend-
ing on coral holobiont requirements. Actively changing their
microbiome may allow these corals to rapidly respond to
environmental change through the selection of beneficial
microbes present in the surrounding environment. Alterna-
tively, shifts in coral microbial associates may merely reflect
changes in host physiology, thereby creating new ecologi-
cal niches that are filled by opportunistic transient bacterial
communities rather than the host actively seeking beneficial
microbial members. Nevertheless, it remains to be deter-
mined whether a flexible microbiome will be key to a coral’s
ability to survive under future changing conditions caused
by climate change.

Conclusion

This study revealed that octocorals harbour unique and spe-
cific bacterial assemblages that often show similar diversity
levels but different composition to the bacterial communities
associated with hard corals. Octocoral species hosted tem-
porally conserved core microbiome members, dominated by
Endozoicomonas, indicating a potentially profound role of
these bacteria in the octocoral holobiont within both tropical
and temperate environments. Seasonal shifts in the relative
abundance of core members, in some corals, are indicative
of influence from local conditions and may facilitate host
acclimation to changing environmental conditions. The stark
differences in octocoral bacterial communities locally sug-
gest host specificity is a primary driver in shaping microbial
composition rather than environmental influences.
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